We studied immunodominant simian immunodeficiency virus (SIV) Gag-specific T-cell responses and their restricting major histocompatibility complex (MHC) class I alleles in pigtail macaques (Macaca nemestrina), an increasingly common primate model for the study of HIV infection of humans. CD8
The urgent task of developing an effective human immunodeficiency virus (HIV) vaccine requires an understanding of HIV immunopathogenesis. CD8 ϩ T-cell responses play a vital role in the control of natural HIV infection (35, 42, 45) , and much vaccine development is focused on inducing these responses (6, 12, 41, 58) . Detailed analysis of CD8 ϩ T-cell responses requires knowledge of restricting major histocompatibility complex (MHC) class I molecules that present viral epitopes and determination of the specificity and breadth of the immune response.
In both human HIV infection and macaque models, a limited number of defined viral epitopes elicit CD8 ϩ T-cell responses in any one subject (26, 44, 61, 63) . Investigation of the strongest immunodominant T-cell responses facilitates a more detailed understanding of immune control of infection, guiding strategies for effective vaccination (2, 9, 60) . Strong responses to immunodominant T-cell epitopes can, on their own, lead to protective immunity in some model viral infections (33) . Conversely, T-cell responses can often select for HIV strains with mutations escaping T-cell control. Furthermore, mutations in T-cell epitopes can lead to AIDS, and it is likely that a protective HIV vaccine will need to elicit broadly directed responses against both dominant and subdominant T-cell epitopes (4, 11, 13, 17, 25, 28, 48) .
Simian immunodeficiency virus (SIV) or chimeric SIV/HIV (SHIV) infection of Asian macaques, particularly the rhesus (Macaca mulatta), cynomolgus (M. fascicularis), and pigtail (M. nemestrina) macaques, are the most common and well-characterized animal models used in HIV research. The description of the rhesus macaque MHC class I allele, Mamu-A*01 (43) , and the definition of its peptide binding motif (5) enabled detailed studies of specific CD8 ϩ T-cell responses in that species. Unfortunately, there is now a very limited supply of Mamu-A*01-positive macaques (19, 46) .
Many groups now utilize pigtail macaques as an alternative and reliable model for HIV vaccine (18, 22, 27) and pathogenesis (15, 16, 52, 57) studies. Unfortunately, the usefulness of this model has been hampered to date by a lack of detailed understanding of T-cell immunity and MHC genetics. The definition of immunodominant viral epitopes and their restricting MHC class I alleles in animal models such as pigtail macaques is an important and pressing concern in order to both confirm results in the rhesus model and widen the resources available to HIV researchers.
MHC class I alleles have not yet been comprehensively characterized in pigtail macaques. A limited number of M. nemestrina (Mane) MHC class I alleles have been sequenced (38) , though T-cell responses restricted by these alleles have not been identified. In this study, we describe the identification of a common, immunodominant response to KP9, a 9-mer Gag epitope in vaccinated pigtail macaques, and the characterization of its restricting MHC class I molecule, Mane-A*10. In addition, study of naïve pigtail macaques infected with SIV mac251 demonstrates that KP9 responders have a significantly reduced viral load compared to that of KP9 nonresponders. Here we describe the use of multiple experimental strategies, including a conventional cloning and sequencing strategy, a novel adaptation of reference strand-mediated conformation analysis (RSCA), a fluorescencebased technique, and functional analyses to establish that Mane-A*10 binds the common and significant immunodominant CD8 ϩ T-cell epitope KP9.
MATERIALS AND METHODS

Macaques and SIV Gag vaccine/challenge studies. To generate and epitope map CD8
ϩ T-cell responses to SIV Gag and subsequently determine their MHC restriction, we studied pigtail macaques (M. nemestrina) enrolled in SIV Gag vaccine and SHIV challenge studies. Macaques were immunized intramuscularly with combinations of DNA and fowlpoxvirus prime/boost vaccine regimens expressing SIV mac239 Gag as a modification of previously described methods (32) . Macaques were challenged with either SHIV mn229 (21) or SHIV sf162P3 (29) . A large increase in circulating SIV Gag-specific CD8 ϩ T cells was detected in the first few weeks following virus exposure (20) , as previously described for similar macaque SHIV vaccine/challenge experiments (6, 9, 58) . To assess the effect of T-cell responses to SIV Gag 164-172 KP9, eight naïve macaques were infected intravenously with SIV mac251 (53) . An SIV mac251 stock previously administered intrarectally (31) was diluted 1:200 in RPMI medium and was administered as a 1-ml dose. Presentation of KP9 following infection was elucidated by intracellular cytokine staining (described below). Plasma SIV RNA and peripheral CD4 ϩ T-cell levels were assessed as previously described (20, 21) . Macaques were housed under physical containment level 3 (PC3) conditions and were anesthetized with ketamine (10 mg/kg of body weight administered intramuscularly) prior to blood collection using either heparin or EDTA anticoagulants. The University of Melbourne and Commonwealth Scientific Industrial Research Organization (CSIRO) animal ethics committees approved all experiments.
Epitope mapping by IFN-␥ ELISpot and intracellular cytokine staining. Antigen-specific gamma interferon (IFN-␥) responses were measured in peripheral blood mononuclear cells (PBMC) or whole blood using ELISpot and intracellular cytokine staining (ICS) assays, respectively. The monkey IFN-␥ ELISpot kit (U-CyTech, Utrecht, The Netherlands) was used as previously described (21) . Briefly, PBMC were stimulated with a pool of 125 overlapping 15-mer SIV mac239 Gag peptides, individual 15-mer peptides (kindly supplied by the National Institutes of Health AIDS Research and Reference Reagent Program), or minimal 9-to 11-mer peptides (Chiron Mimotopes, Clayton, Australia) at 1 g/ml for 18 h, washed, and transferred to anti-IFN-␥ monoclonal antibody-coated plates and incubated for 5 h (37°C, 5% CO 2 ). Cells were lysed and wells were incubated with biotinylated anti-IFN-␥ polyclonal rabbit antibody, followed by incubation with a gold-labeled anti-biotin immunoglobulin G (IgG) antibody. IFN-␥ spots were developed and counted on an automated reader (AID, Strassberg, Germany), and results were normalized to an antigen-specific IFN-␥-secreting precursor frequency per 10 6 PBMC. Cutoffs for positive responses were based on statistically defined thresholds for the ELISpot assay validated for clinical trials (54) . This defined a positive response as meeting the following criteria: (i) Ն50 spot forming cells/10 6 PBMC after subtraction of spot numbers in negative controls, and (ii) nonspecific background of less than half the antigen-specific count.
Intracellular IFN-␥ secretion was assessed by flow cytometry as previously described (21, 40) . In short, 200 l of whole blood was incubated with peptides as described above at 1 g/ml along with costimulatory antibodies anti-CD28 (clone L293) and anti-CD49d (clone L25.3) (BD Biosciences, PharMingen, San Diego, Calif.) for 2 h at 37°C, 5% CO 2 . Brefeldin A (10 g/ml; Sigma, St. Louis, Mo.), was then added, and blood was incubated for a further 4 to 5 h. The cells were then stained with anti-CD4-fluorescein isothiocyanate (clone M-T477), anti-CD3-phycoerythrin (clone SP34), and anti-CD8-PerCP (clone SK1) (BD Biosciences) for 30 min at 4°C. Erythrocytes were then lysed using fluorescenceactivated cell sorter (FACS) lysing solution (BD) and washed with phosphatebuffered saline (PBS), and the remaining cells were permeabilized with FACS permeabilizing solution (BD). Cells were then incubated with anti-IFN-␥-allophycocyanin (APC; clone B27; BD) and formaldehyde-fixed before acquisition (BD FACScalibur). Antigen-specific CD8 ϩ T-cell responses were assessed as the percentage of CD3 ϩ CD8 ϩ cells expressing IFN-␥ above control-stimulated cultures. The cutoff for positive responses was determined to be 0.1% of all CD8 ϩ T cells, provided the value was at least threefold greater than background IFN-␥ production seen in dimethyl sulfoxide (DMSO)-stimulated cells.
MHC amplification and cloning. First-strand cDNA was created from total RNA (extracted using a QIAamp RNA Blood Mini kit; QIAGEN, Hilden, Germany) in a reaction mixture containing oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Invitrogen, Carlsbad, Calif.), 2.5 mM each deoxynucleoside triphosphate (Promega, Madison, Wis.), dithiothreitol (Invitrogen), RNasin (Promega), 5ϫ first-strand buffer, and SuperScript III RNase H Ϫ Reverse Transcriptase (Invitrogen). The reaction conditions were 65°C for 5 min, 42°C for 2 min (pause), 42°C for 50 min, and 70°C for 15 min, using a GeneAmp 9700 PCR Thermal Cycler (Applied Biosystems, Foster City, Calif.).
Full-length M. nemestrina MHC class I was amplified using 25 M each primer sets 5ЈALoci (5Ј-TCACACTTTACAAGCCGTGAGAGACAC-3Ј) and 3ЈALoci (5Ј-ATGGCGCCCCGAACCCTC-3Ј) (A loci) or 5ЈBLoci (5Ј-TCATGGCGCC CCGAACCCTC-3Ј) and 3ЈBLoci (5Ј-TCAAGCCGTGAGAGACWCATCAGA GCC-3Ј) (B loci), designed based on rhesus macaque MHC class I sequences (47) . Amplicons were generated by using Platinum Pfx DNA polymerase (Invitrogen) for 20 cycles (94°C for 1 min, 65°C for 1 s, 69°C for 90 s). The amplified MHC class I 1.1-kbp cDNA was purified from a 1% agarose gel using the QIAquick gel extraction kit (QIAGEN) according to manufacturer's instructions. Individual MHC class I amplicons were then ligated into the pCR vector (Invitrogen) and were transformed into competent Escherichia coli. Miniprep DNA extractions (QIAGEN QIAprep) were prepared from 48 colonies of each of the A loci and B loci transformants. Both strands of each clone were sequenced by using BigDye Terminator chemistry v1.1 (Applied Biosystems) and then were run on a capillary sequencer (3730 DNA Analyzer; Applied Biosystems). Amplification from one of the six macaques sequenced (4247) was performed using a modified method with 20 pmol of each 5ЈRSCA (5Ј-GCTACG TGGAYGAYACGC-3Ј) and 3ЈRSCA (5Ј-CARAAGGCACMWCCACAGC-3Ј) primers (J. Weinfurter et al., unpublished data), utilizing Amplitaq Gold (Applied Biosystems) for 35 cycles (initial cycle 95°C for 10 min, followed by 94°C for 30 s, 57°C for 1 min, 72°C for 1 min), generating a ϳ700-bp fragment. Sequences were analyzed using Sequencher software (Gene Codes Corporation, Ann Arbor, Michigan). Identical sequence with contiguous forward and reverse sequences from three or more clones were considered likely to be true MHC class I alleles.
RSCA. The RSCA method to characterize M. nemestrina MHC molecules was adapted from similar methods to detect rhesus macaque (Weinfurter et al., unpublished) and human MHC alleles (7) . Approximately 700 bp of MHC class I cDNA spanning exons two and three (encoding the peptide-binding regions) were amplified from pigtail macaque cDNA, using the 5ЈRSCA and 3ЈRSCA primers as described above, for 35 cycles with Taq Hi Fi DNA polymerase (Invitrogen). Reference strands Mamu-B*07 and Mamu-B*60 were PCR amplified with the same conditions, except that 5ЈRSCA was replaced with 5Ј-endlabeled Cy5-5ЈRSCA. RSCA reactions to form heteroduplexes between the reference strands and alleles from amplified cDNA with unknown MHC alleles were performed as follows: 95°C for 4 min, 55°C for 5 min, 15°C for 5 min. The product was then run on a nondenaturing polyacrylamide gel for 7 h along with external size standards on an AlfExpress DNA Analyzer (Amersham Biosciences, Piscataway, N.J.) according to the manufacturer's instructions. An allele's migration rate in the gel was dictated by the conformation of the allele with a particular reference strand. Identical alleles shared between macaques have the same mobility when heteroduplexed to the same reference strand. Occasionally, the conformational heteroduplex of distinct alleles will have identical mobility, so each cDNA sample is hybridized separately to multiple reference strands to verify RSCA results.
Generation of MHC class I/GFP fusion constructs. Full-length MHC class I amplicons were generated from macaque 4247 cDNA by using the primers ManeMHCF (5Ј-RWKSYGDTCRTGGCGCYC-3Ј) and ManeMHCR (5Ј-GA KCCRTGAGAGACACATC-3Ј) and then were ligated into the pcDNA3.1-CT-GFP-TOPO vector (Invitrogen), creating a C-terminal fusion product. MHC/ green fluorescent protein (GFP) fusion plasmids were transformed into TOP10 E. coli, and DNA was extracted using a FastPlasmid Mini kit (Eppendorf, Hamburg, Germany). Transformants were screened for correct insert orientation by sequencing from the 3Ј end using the GFP reverse primer (5Ј-GGGTAAGC TTTCCGTATGTAGC-3Ј) and DYEnamic ET Terminator cycle sequencing chemistry (Amersham) run on an ABI 3100 Genetic Analyzer (Applied Biosystems). Inserts in the correct orientation were then fully sequenced from the 5Ј end by using the T7 primer (5Ј-TAATACGACTCACTATAGGG-3Ј).
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Stable transfection into C1R cells. The MHC class I-deficient human Blymphoblastoid cell line, C1R (64) , was maintained in RPMI 1640 medium (Invitrogen) supplemented with 100 U of penicillin G sodium/ml, 100 g of streptomycin sulfate/ml, 292 g of L-glutamine (PSG) (Invitrogen)/ml, and 10% fetal calf serum (FCS) (CSL, Lenexa, Kans.) (RF-10). Five MHC/GFP constructs were selected for stable transfection into C1R cells: Mane-A*10 (C1R-A*10), Mane-B*02 (C1R-B*02), a further A-like construct, 4247-09/G (C1R-09/G), a further B-like construct, 4247-02/G (C1R-02/G), and a control construct with the insert in the reverse orientation, 4247-11/G (C1R-11/G). The transfected Mane-A*10 construct inadvertently contained an A-to-G mutation at nucleotide position 656, corresponding to an E-to-G substitution at amino acid position 198. Lying within the ␣3 domain, this substitution is unlikely to affect the peptidebinding specificity of the molecule and is thought to have arisen by random PCR error. Ten micrograms of sterile plasmid was electroporated at 220 V, 950 F into 10 7 C1R cells by using a Gene Pulser II (Bio-Rad Laboratories, Richmond, Calif.) with Capacitance Extender (Bio-Rad). Cells were cultured in RF-10 for 48 h and were selected in RF-10 plus 1 mg of Geneticin (Invitrogen)/ml and 2 mM HEPES in 96-well U-bottomed plates (Nunc, Roskilde, Denmark). Media were changed every 3 to 4 days for 3 weeks, and wells containing growing cells were screened for GFP and MHC class I expression by using the primary pan-class I antibody W6/32 (8, 51), a secondary sheep-anti-mouse Ig-phycoerythrin antibody (Chemicon), and flow cytometry (BD FACScalibur).
Generation of KP9-specific T-cell lines. Frozen PBMC were thawed rapidly from macaques 4247 and 4296 and were washed twice in RPMI. PBMC (5 ϫ 10 6 ) were designated stimulator cells, and 10 7 PBMC were designated responder cells (2:1 responder-to-stimulator ratio). Responder cells were resuspended in 1 ml of RF-15 supplemented with 50 U of human interleukin-2 (IL-2) (Sigma)/ml and 10 ng of human IL-7 (Sigma)/ml and were placed in a 24-well plate (TPP, Trasadingen, Switzerland) at 37°C, 5% CO 2 . Stimulator cells were resuspended in 1 ml of RPMI plus 1 g of KP9 peptide/ml and incubated at 37°C for 30 min and then washed in RPMI. The stimulator cells were then irradiated using a 60 Co source at 3,000 rad, washed again in RPMI, resuspended in 1 ml of RF-15 plus IL-2 and IL-7, and added to the responder cells. Cells were split every 3 to 4 days and were fed with fresh RF-15 plus 50 U of IL-2/ml as required. Cells were restimulated with peptide pulsed irradiated PBMC feeder cells at days 10 to 12 and 23 and were assayed either at day 17 or 27.
MHC restriction of KP9-specific T cells. A modified intracellular IFN-␥ staining assay was used to assess antigen presentation by the transfected C1R clones. A total of 2 ϫ 10 5 expanded T cells (responders) were washed in RPMI, resuspended in 100 l of a solution containing RPMI/PSG plus 5% FCS (RF-5), added to wells of a U-bottomed 96-well plate (Nunc), and placed at 37°C. A volume of 10 5 C1R-A*10, C1R-B*02, C1R-02/G, C1R-09/G, and C1R-11/G (stimulators) was washed twice in RPMI. The stimulator cells were then resuspended in 500 l of RPMI and pulsed with 1 g of KP9 peptide/ml for 30 min at 37°C. The cells were then washed twice in RPMI, resuspended in 100 l of RF-5, and added to the responder cells in the 96-well plate (2:1 responder-tostimulator ratio). The mixed cells were incubated at 37°C, 5% CO 2 for 2 h, and then 10 g of Brefeldin A (Sigma)/ml was added. A further 4-h incubation followed, and then the cells were stained with anti-CD4-fluorescein isothiocyanate, anti-CD3-phycoerythrin, and anti-CD8-PerCP (BD) for 30 min at 4°C. The cells were washed, fixed in 1% paraformaldehyde for 20 min and then were washed again. A combination of 0.3% Saponin and anti-IFN-␥-APC (BD) was then added to cells for 40 min at 4°C. Cells were washed once and were transferred to 5-ml polystyrene FACS tubes for acquisition (BD FACScalibur) and analysis using CellQuest Pro (BD).
Nucleotide sequence accession numbers. The sequences for the 20 novel MHC class I alleles determined in this study have been deposited in the GenBank database under accession numbers AY557348 to AY557367.
RESULTS
Immunodominant SIV Gag epitopes in pigtail macaques.
No previous studies have described CD8
ϩ T-cell epitopes or the MHC restriction of these responses in pigtail macaques, an increasingly widespread animal model for HIV. In this study, we initially characterized commonly recognized SIV Gag epitopes in a large cohort of pigtail macaques. T-cell responses to SIV Gag were analyzed in detail by IFN-␥ ELISpot and ICS assays in 36 pigtail macaques enrolled in SHIV vaccine trials involving immunization with various combinations of DNA and fowlpoxvirus vaccines and challenge with either SHIV mn229 or SHIV sf162P3 (20, 21, 29) . Strong SIV Gag CD8 ϩ T-cell responses, involving 0.6 to 34.7% of all CD8 ϩ T cells, were detected postchallenge in 23 of 36 macaques (63.9%) by using a peptide pool containing 125 15-mer peptides overlapping by 11 amino acids spanning the entire SIV Gag region. These responses were mapped using 5-or 10-peptide pools, followed by individual 15-mer peptides. A response to the 15-mer Gag 161-175 peptide 41 was detected in 15 of the 23 macaques responding to Gag, representing 41.7% of all macaques and 65.2% of Gag responders (Table 1) . No responses were detected to the immediately adjacent overlapping peptides 40 or 42, suggesting that the minimal epitope was likely to be the 9-mer spanning the centre of peptide 41. On average, the CD8 ϩ T-cell response to peptide 41 accounted for 63% of the response to Gag ( Fig. 1A and B ; Table 1 ), although this may be somewhat of an overestimate, given that in a few macaques the peptide 41 response exceeded that of the total Gag pool. The higher response to peptide 41 compared to that to Gag in these animals suggests possible competition for MHC binding from other peptides within the pool. The kinetics of the peptide 41-specific CD8 ϩ T-cell response paralleled the total SIV Gag response following SHIV challenge (Fig.  1B) .
The minimum epitope contained within the peptide 41 15-mer was determined by intracellular IFN-␥ staining using antigen-specific T cells and peptide titrations of the 8-, 9-, and 10-mers derived from the central region of peptide 41 (Fig.  1C) . This titration clearly demonstrated the superior T-cell reactivity to the 9-mer KP9 compared to that of the other adjacent 8-mer and 10-mer peptides. These titration results defining KP9 as the minimal epitope were confirmed by ELISpot analyses on fresh PBMC samples, with KP9 being the only peptide still stimulating a response at 10 ng/ml (data not shown).
In addition to the response detected to KP9 within peptide 41, subdominant CD8
ϩ T-cell responses in more than one pigtail macaque were detected to peptide 7 (GKKKYMLKHVVWAA N), peptide 62 (EQIQWMYRQQNPIPV), and peptide 63 (WMYRQQNPIPVGNIY). A similar process of defining the minimal epitope through the use of truncated peptides in ELISpot and ICS assays was performed, with the peptide 7 response mapped to the 9-mer KW9 (KYMLKHVVW) ( Fig. 2A) and the peptide 62/63 response mapped to the 8-mer YP8 (YRQQNPIP) (Fig. 2B) .
Sequencing of 20 novel pigtail macaque MHC class I alleles. The use of conserved primers designed for rhesus macaque MHC class I alleles enabled the amplification of multiple pigtail macaque sequences. A cloning and sequencing strategy generated multiple sequences from macaques 4241 Table 1 ). definition of novel alleles was taken, with at least three identical, independent contiguous sequences required. Using this approach, 20 novel MHC class I alleles were identified in pigtail macaques, 7 Mane-A alleles and 13 Mane-B (GenBank accession numbers AY557348 to AY557367). An alignment of the predicted amino acid sequences of the peptide-binding domains of these alleles is shown in Fig. 3 , with the previously published Mane sequences provided for comparison. Up to two Mane-A and four Mane-B alleles were identified in each macaque, consistent with the observation that duplication of the Mane-B locus has occurred in this species (38) , and similar to observations with rhesus macaques and baboons (1, 14) . It is likely that a less conservative method of allele definition would have resulted in more than two Mane-A alleles being detected in a single macaque, because this locus has previously been shown to be duplicated in M. nemestrina (38) . Surprisingly, of the 18 pigtail macaque MHC class I alleles previously described (38) , only two were detected in our cohort of macaques: Mane-B*02 in macaque 4247 and Mane-B*05 in macaque 4664. Variation between the newly defined alleles occurs in distinct regions of the peptide-binding (␣1 and ␣2) domains, particularly the regions spanning residues 9 to 25, 62 to 83, and 152 to 170. These variations correspond with the location of known pocket residues that are important in determining the peptide-binding specificity of the alleles (55, 62) . Some of the novel allele sequences described are very closely related. MHC class I alleles shared by macaques presenting SIV epitopes. Following MHC class I sequencing, the detected immune responses to KP9, YP8, and KW9 were correlated with the presence of particular alleles to identify potential restricting alleles for those epitopes ( RSCA of macaques presenting the SIV Gag KP9 epitope. Cloning and sequencing of MHC class I cDNAs is a difficult method for screening larger numbers of subjects for multiple unknown MHC class I transcripts. Developed in humans, and adapted more recently to rhesus macaques, RSCA is a highly sensitive technique for the characterization of multiple expressed MHC class I cDNAs in a single sample (7) . The technique hybridizes approximately 700 bp of MHC class I cDNA with fluorescent-labeled reference class I clones. The various expressed MHC class I cDNA molecules from one macaque heteroduplex with the fluorescently labeled clone and run with particular mobilities on nondenaturing gels. Heteroduplexing unknown MHC class I cDNAs against more than one fluorescent reference strand characterizes a unique pattern of mobility for particular MHC class I transcripts. Previous studies have utilized allogeneic reference MHC class I alleles. This does not allow detection of the MHC class I allele identical to the 
Mane-B*10 ϩ (7) ϩ (6)
Mane-B*13 ϩ (9) ϩ (3)
Mane-B*18 ϩ (7) ϩ (10) a An ϫ indicates the detection of a T-cell response by ELISpot of Ͼ50 antigen-specific IFN-␥ spot-forming cells/10 6 PBMC to the epitopes listed. b MHC class I alleles possessing Ͻ5 nucleotide differences are shown grouped together (see the text).
c A plus sign indicates detection of the allele, with the number of clones derived from each macaque shown in parentheses.
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FIG. 3. Amino acid alignment of ␣1
and ␣2 domains of 20 novel pigtail macaque MHC class I alleles. Up to 96 MHC class I cDNA clones from six pigtail macaques underwent forward and reverse sequencing, generating 700-to 1,000-bp fragments. Alleles were defined where at least three identical clones with full contiguous sequence were detected (Mane-B*22 was defined due to its close relationship to Mane-B*11 and Mane-B*12 despite only being present in two clones). Predicted amino acid translations of the ␣1 and ␣2 domains, the peptide binding regions, are shown. The leader, ␣3, transmembrane, and cytoplasmic sequences were also identical within each defined allele (data not shown; see GenBank accession numbers AY557348 to AY557367). Closely related alleles are boxed together (see the text and Table 2 ). Boldface alleles represent newly described alleles. Alleles not in boldface were previously described (38) and are provided for comparison. We confirmed the presence of Mane-B*02 and Mane-B*05 in pigtail macaques studied in this report (marked with a superscript letter b), with the additional clones and numbers of animals consolidated. reference strand, as the homoduplex between the fluorescent and nonfluorescent allele is obscured by homoduplexes between the fluorescent allele alone. The use of xenogeneic reference strands to overcome this problem has not previously been reported.
To generate a pattern of MHC class I alleles shared by M. nemestrina capable of responding to the KP9 SIV Gag epitope, we hybridized MHC class I cDNA from nine macaques presenting KP9 and three macaques not capable of presenting KP9 with fluorescent M. mulatta Mamu-B*60 and Mamu-B*07 alleles and analyzed the mobility of the alleles on a nondenaturing gel. To identify the mobility of Mane-A*10, the likely KP9-presenting allele identified by sequencing, we analyzed the mobility of individual Mane-A*10 clones from macaques 4295 and 4664.
This RSCA technique successfully delineated up to eight separate MHC class I alleles from an individual macaque (Fig.  4) . Eight of the nine macaques capable of responding to KP9 had one MHC class I allele that migrated with identical mobility when heteroduplexed to Mamu-B*60. This mobility was identical to that of the Mane-A*10 clones from macaques 4295 and 4664 heteroduplexed to Mamu-B*60. The other KP9-responding macaque (4241) had an allele with mobility marginally slower than that of the other KP9-responding macaques. Interestingly, one macaque (H20x) in which we could not detect an immune response to KP9 (despite a vigorous CD8-mediated response to SIV Gag) had an allele with mobility identical to that of Mane-A*10. To resolve these issues, MHC cDNA from these macaques was heteroduplexed with another M. mulatta allele, Mamu-B*07. In this case, an allele with migration identical to that of Mane-A*10 was not detected in cDNA from macaque H20x. This suggests that the MHC class I allele from H20x with migration similar to that of Mane-A*10 when heteroduplexed with Mamu-B*60 is not Mane-A*10, consistent with the lack of CD8 ϩ T-cell response to KP9. When the MHC class I cDNAs from nine KP9 responders were heteroduplexed with Mamu-B*07, eight of the nine KP9 responders had an allele with mobility identical to that of Mane-A*10, with the outlier, macaque 4241, again having an allele with slightly slower mobility. Interestingly, macaque 4241 expresses Mane-A*16, an allele that differs from Mane-A*10 by just one nucleotide in the ϳ700-bp RSCA fragment. We and others have previously observed the remarkable sensitivity of the RSCA technique, whereby a single nucleotide is usually sufficient to alter the mobility of heteroduplexed clones (data not shown).
Mane-A*10 binds the KP9 epitope. To definitively identify the pigtail macaque MHC class I molecule most commonly presenting the immunodominant KP9 epitope, we selectively transfected a human cell line with full-length M. nemestrina MHC class I cDNA clones. Five MHC class I cDNAs obtained from macaque 4247 (a KP9 responder) were cloned into a GFP-expressing vector and were stably transfected into the MHC class I-deficient cell line, C1R (64) . Fluorescence microscopy of the transfected cells demonstrated a surface-associated pattern of GFP expression, suggesting that the transfected MHC class I cDNAs were correctly processed and transported to the cell surface (data not shown). MHC class I-transfected cells expressing GFP demonstrated an increased level of surface MHC class I expression, while cells transfected with a control construct (11/G) showed no such increase (Fig.  5A) . PBMC from macaques 4296 and 4247 were expanded into KP9-specific T-cell lines over the course of 3 weeks and were used in a modified intracellular IFN-␥ staining assay to assess MHC class I restriction of the KP9 response. In two separate experiments, results clearly demonstrated that C1R-A*10 pulsed with KP9 was able to stimulate a significant KP9-specific CD8
ϩ T-cell IFN-␥ response in the 4296 T-cell line (Fig.  5B) . No specific IFN-␥ production was seen when C1R-A*10 cells were not pulsed with the KP9 peptide or when the C1R-B*02 transfectant was pulsed with the KP9 peptide. Similar results were obtained with the 4247 T-cell line (data not shown). In addition, no peptide-specific IFN-␥ production was seen in either the 4247 or 4296 T-cell line exposed to KP9-pulsed C1R clones transfected with two other MHC alleles or a control allele in the reverse orientation (data not shown).
KP9-responding macaques have lower viral loads following SIV mac251 infection. To evaluate whether responses to the KP9 epitope had an effect on the course of SIV infection, eight naïve macaques (three KP9 responders and five nonresponders) were infected with SIV mac251 and were assessed during acute infection for plasma SIV viral load and peripheral CD4 ϩ T-cell levels. Over the first 7 weeks of infection, comparison of plasma SIV viral load and analysis by the Wilcoxon rank-sum test demonstrated that KP9 responders had a significantly lower viral load (log 10 5.57 copies/ml) than KP9 nonresponders (log 10 6.44 copies/ml; P ϭ 0.025) (Fig. 6A) . A similar analysis of peripheral CD4 ϩ T cells did not demonstrate any significant difference between KP9 responders and nonresponders (Fig. 6B) . Although the analysis was done early (up to week 7 postinfection), the KP9-presenting animals were among the animals with the greatest retention of CD4 ϩ T cells, and significant differences would likely not appear until later in infection.
DISCUSSION
This report describes a very common immunodominant SIV Gag epitope, KP9, in vaccinated pigtail macaques and its restricting MHC class I allele, Mane-A*10. We also describe two subdominant epitopes and their likely restricting MHC class I alleles. A novel RSCA method for defining shared MHC class I alleles, using xenogeneic rhesus macaque reference strands, facilitated this analysis. Nineteen additional novel A-and Blike MHC class I alleles and two additional shared CD8 ϩ T-cell epitopes are also described for M. nemestrina. We also show that presentation of KP9 has a beneficial effect on acute SIV viral levels. These experiments represent the first correlation of immunodominant SIV responses, MHC class I restriction, and outcome of SIV infection in pigtail macaques. This is an important advance for the increasing number of studies using pigtail macaques as an animal model for HIV infection, facilitating the development of MHC class I tetramers and SIV or SHIV vaccine studies with pigtail macaques selected for the presence of Mane-A*10.
The study of immunodominant T-cell epitopes yields important information about the characteristics and dynamics of effective (and not so effective) immune responses. CD8 ϩ T-cell responses have been shown to play a crucial role in the control of both acute and chronic HIV and SIV infection (30, 42, 49, 56) . The identification of the dominant SIV Gag epitope in pigtail macaques and its restricting allele permits more detailed analysis of the role of this CD8 ϩ T-cell response in control of SIV, similar to work done on the Gag CM9 epitope in Mamu-A*01-positive rhesus macaques (2, 3, 24, 37) . This significantly broadens the resources available to model HIV immunopathogenesis and evaluate candidate vaccines.
This report supplements the single previous report on sequencing pigtail macaque MHC class I (38) . In that study, no epitope presentation was linked to the 19 Mane alleles sequenced from five animals. Interestingly, few of the previously characterized M. nemestrina MHC class I alleles were detected in the cohort of macaques studied here, and the Mane-A*10 allele that we found to be expressed in 8 of 11 macaques we studied by sequencing and RSCA had not been previously identified. Interestingly, KP9-specific CD8 ϩ T-cell responses were identified in 15 of 36 animals (41.7%) responding to SIV Gag, almost certainly reflecting an exceedingly high frequency of Mane-A*10 or closely related alleles. We have detected the Mane-A*10 allele in pigtail macaques from both Australian and Indonesian breeding colonies, as well as from the University of Washington (data not shown), suggesting that Mane-A*10 may be common and widespread. The lack of detection of Mane-A*10 in the five pigtail macaques studied in the previous report (38) either could reflect a founder effect in the colony from which the five macaques were obtained or could be due to the small number of animals studied in that report for which low-throughput sequencing techniques were used. The Gag amino acid sequence across the KP9 epitope is conserved in most SIV strains derived from macaques and also appears conserved in many HIV-2 strains (36) .
Multiple convergent technologies were utilized to define the M. nemestrina molecule restricting the KP9 epitope: epitope mapping using ELISpot and ICS, cloning and sequencing, transfection of isolated alleles, antigen presentation assays on T-cell lines, and a novel xenogeneic RSCA method. While a rigorous but low-throughput cloning and sequencing strategy was required for the initial characterization of alleles, the RSCA technology permitted sensitive and rapid screening of MHC class I alleles in multiple pigtail macaques. Throughput could potentially be increased by using liquid-phase capillarybased technologies now utilized for high-throughput sequencing (23, 59) . Using a capillary sequencer, multiple reference alleles labeled with different fluorescent dyes can be used, eliminating the need to run multiple nondenaturing gels with different reference alleles.
Of the 20 MHC class I alleles described here, 7 of the alleles are closely related to one or two others, as outlined in Fig. 2 . The possibility of detecting spurious MHC class I alleles from PCR amplification errors or recombination events was minimized by the use of a high-fidelity enzyme, a low number of amplification cycles, and a conservative method of allele definition. The observation that macaque 4241 could respond weakly to the KP9 epitope while expressing the Mane-A*16 allele and not Mane-A*10 suggests that these closely related alleles share a common peptide-binding specificity. Further experiments with C1R cells transfected with the Mane-A*16 allele could demonstrate the functional ability of this allele to present the KP9 epitope.
There is now a body of information on a total of 38 M. nemestrina classical MHC class I alleles to draw upon for further study. Sequence-specific primers can now be designed to detect important alleles such as Mane-A*10 by PCR, similar to assays developed for rhesus macaques (34, 39) . PCR-based assays, which can frequently detect closely related alleles, could subsequently be validated by RSCA, which is sensitive to single-nucleotide changes. The existence of closely related alleles was demonstrated by the Mane-A*10 and Mane-A*16 alleles identified in this report, although both of these alleles are likely to present KP9. Sequence-specific primers would have to be able to distinguish between Mane-A*10 and Mane-A*16. A Mane-A*10-KP9 tetramer reagent can also be developed, enabling more detailed study of the role of KP9-specific 
CD8
ϩ T cells, contributing to our understanding of T-cell immune pressure applied following vaccination and during the course of infection. Furthermore, the selection of Mane-A*10-positive macaques for vaccine trials will enable a more robust comparison of vaccine regimens and facilitate a better understanding of the characteristics of species-specific immune responses to SIV and SHIV. The presentation of the KP9 epitope alone confers an advantage on pigtail macaques in controlling acute SIV infection. A similar effect has been observed in Mamu-A*01-positive rhesus macaques (47, 50, 65) , but this is the first observation in an additional nonhuman primate species. Further analysis should clarify the mechanism and immunological advantage provided by the KP9-specific CD8 ϩ T-cell response during both acute and chronic SIV infection.
Dominant T-cell responses, while often effective, can be undermined by the emergence and maintenance of viral escape at immunodominant epitopes, resulting in disease progression (10, 11, 13, 28) . We have recently identified Mane-A*10 and Mane-A*16-positive macaques infected with SHIV strains containing mutations at positions 2 and 9 of the KP9 epitope, which represent escape mutations (C. S. Fernandez et al., submitted for publication). The definition of subdominant epitopes in this study, such as YP8 (restricted by Mane-A*11/ Mane-A*12) and KW9 (restricted by Mane-A*14 or Mane-B*10), now permits a dissection of the role of subdominant T-cell responses. Of particular interest is when KP9 responders also present these subdominant epitopes (such as in animals 4295, 4296, and 4293) and where escape occurs at the dominant epitope and the subdominant responses become critical. We have recently mapped an additional 12 CD8
ϩ T-cell epitopes in M. nemestrina and are now focused on determining the MHC class I restriction of these epitopes and attempting to correlate these responses with outcome of SIV or SHIV infection.
In summary, we have identified an immunodominant SIV Gag CD8 ϩ T-cell epitope, KP9, and its restricting MHC class I allele, Mane-A*10, present in a large proportion of pigtail macaques. In unvaccinated macaques, CD8 ϩ T-cell responses to KP9 result in lower viral loads during acute SIV infection, demonstrating that this immunodominant response alone has a significant effect on the outcome of SIV infection. This has important implications for future HIV-related studies of M. nemestrina. Investigation of the development, kinetics, and specificity of CD8 ϩ T-cell responses, along with further study of viral escape at both immunodominant and subdominant epitopes in pigtail macaques, will lead to refinements in vaccine design and contribute to our understanding of protective immunity to SIV and SHIV.
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